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Abstract
The mechanism of assembly of flexuous viruses, such as potyviruses, is poorly understood. Using a recombinant system, we provide
evidence that disassembly and reassembly of Pepper vein banding virus (PVBV), a member of the genus potyvirus, proceeds via a ring-like
intermediate, and show that electrostatic interactions may be pivotal in stabilizing the particles. Although the surface-exposed N- and
C-terminal residues can be removed from the virus-like particles (VLPs) by limited trypsinization without affecting their stability, such
truncated CP subunits are unable to form VLPs. To further evaluate importance of these residues, N- and C-terminal deletion mutants were
generated and their assembly behavior was investigated. N-terminal 53 and C-terminal 23 amino acids were found to be crucial for the
intersubunit interactions involved in the initiation of virus assembly. These segments are surface exposed in the ring-like intermediate and
dispensable for further interactions that result in the formation of the VLPs.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Assembly and disassembly are two crucial steps in the
life cycle of a virus. The macromolecular interactions in-
volved in the assembly of flexuous rod-shaped viruses are
poorly understood as compared to that of Tobacco mosaic
virus (TMV), a rigid rod (Klug, 1999). Pepper vein banding
virus (PVBV) is a member of the genus Potyvirus, the major
genus in the Potyviridae family. Similar to other members
of this family, PVBV also forms flexuous rod-shaped par-
ticles. A single molecule of positive-sense single-stranded
RNA genome of 10 kb in length is encapsidated between
successive turns of helical arrangement of identical coat
protein (CP) subunits in these viruses (Hull, 2002; Riech-
mann et al., 1992; Urcuqui-Inchima et al., 2001).
It was shown earlier that under certain conditions of high
ionic strength and extreme pH, Potato virus Y (PVY) can be
dissociated. The dissociated subunits could be assembled
back into flexuous rod-shaped particles in the presence or
absence of RNA (Goodman et al., 1976; McDonald et al.,
1976). A “ring”-like aggregate was also observed and it was
suggested to be an intermediate in the reassembly of poty-
viruses. Potyviral CP has been expressed in Escherichia
coli, yeast, insect, and mammalian systems (Edwards et al.,
1994; Hammond et al., 1998; Jagadish et al., 1991; Joseph
and Savithri, 1999) and in all the systems the formation of
heterogeneous length filamentous virus-like particles
(VLPs) were reported. One interesting feature of the poty-
viruses and their VLPs in general is that the amino- and
carboxy-terminal regions of the CPs are surface exposed
and they can be removed by limited trypsin treatment with-
out affecting the assembly status (Jagdish et al., 1993). This
has led to the suggestion that surface-exposed amino- and
carboxy-terminal residues are dispensable for the assembly
of these viruses. However whether these regions have any
role in the initiation of the assembly process has not been
investigated. Site-directed mutagenesis studies in Johnson-
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grass mosaic potyvirus (JGMV) have highlighted the im-
portance of conserved residues R194 and D238 involved in
salt-bridge formation in virus assembly (Jagadish et al.,
1991, 1993). In Tobacco etch virus (TEV), S122, R154, and
D198 were shown to be important for virus particle forma-
tion and movement (Dolja et al., 1994, 1995). However the
precise mechanism by which viral CP subunits accomplish
the initial formation of the ring-like intermediate remains
unknown.
In the present study we have addressed the problem of
potyviral assembly by overexpressing CP of PVBV in E.
coli. Using various combinations of ionic strength and pH,
we have shown that disassembly and reassembly of VLPs
proceeds via a ring-like intermediate. Further with a view to
investigate the role of surface-exposed amino acid residues
in the assembly pathway, we have progressively deleted
amino acid residues from amino- and carboxy-terminus of
recombinant CP and examined the contribution of these
residues in protein–protein interactions involved in the ini-
tiation of virus assembly. The results clearly demonstrate
that the N- and C-terminal surface-exposed residues are
crucial for the formation of the ring-like intermediate, a
prerequisite for the assembly of the virus. A working model
for flexuous virus assembly is proposed based on the results
obtained.
Results and discussion
Protein expression and purification
To gain insights into the assembly of PVBV, it was
necessary to generate large quantities of wild-type CP. The
yield of the native virus purified from the infected leaves is
rather low (1 mg/kg leaves) and the amount of protein
obtainable from the purified virus is therefore limited.
Hence, an E. coli based expression system was developed,
which would be amenable to both biochemical and genetic
manipulation. The full-length PVBV CP and the deletion
mutants were expressed in E. coli using vector pET20b so
that the expressed recombinant proteins are secreted into the
periplasmic space.
Self-assembly of recombinant CP into VLPs
The expression of potyviral CPs in E. coli results in the
formation of VLPs (Jagadish et al., 1991; Joseph and
Savithri, 1999). Therefore, the periplasmic fraction contain-
ing pETCP-expressed CP was subjected to ultracentrifuga-
tion and the resuspended pellet was analyzed by SDS–
PAGE. As expected, the pellet fraction contained the 34-
kDa recombinant CP that comigrated with purified native
CP (data not shown). To further analyze the VLPs, resus-
pended pellet or concentrated periplasmic fraction was cen-
trifuged through a preformed linear 10–40% (w/v) sucrose
density gradient and 1.5 ml fractions collected after centrif-
ugation. The fractions were analyzed by SDS–PAGE and as
shown in Fig. 1A, recombinant CP sedimented as a broad
single peak (fractions 7–10). Electron microscopic exami-
nation of the pooled fraction revealed VLPs with a diameter
of 10 nm and of heterogeneous length ranging from 100 to
400 nm (Fig. 1E). This heterogeneity was also evident from
the sedimentation coefficient values ranging from 110S to
150S, as determined by linear log density gradient analysis
(data not shown). The yield of the VLPs from the one liter
E. coli culture was 5 mg and CP subunits remained intact for
2 weeks and did not undergo any degradation during this
period. A careful electron microscopic examination of a
number of these heterogeneous particles showed that they
did not have any nicks or any imperfect register, sug-
gesting that these are indeed helical aggregates and are
probably not composed of stacks of rings of CP subunits.
These helical aggregates are analogous to the helices
formed by TMV CPs under acidic conditions (Butler, 1999).
It may be noted that the PVBV VLPs were shown to
encapsidate their own mRNA (Joseph and Savithri, 1999)
and therefore these VLPs can be used as a model for
studying the assembly process as might occur in natural
infection.
Dissociation of VLPs as a function of ionic strength
and pH
It was shown earlier that the flexuous rods of native PVY
could be disassembled and reassembled under suitable ionic
strength and pH conditions (Goodman et al., 1976; Mc-
Donald et al., 1976). Therefore the stability of PVBV-VLPs
was examined as a function of pH and ionic strength. As
evident from Fig. 1, treatment of VLPs (fig. 1A, fraction
7–10) with 0.75 M NaCl at pH 8.0 resulted in the dissoci-
ation of VLPs into slower sedimenting particles (Fig. 1B,
fraction 5 and 6). A further increase in ionic strength (1.5
M) led to complete dissociation of VLPs into the CP re-
maining almost at the top of the gradient (Fig. 1C, fractions
1–3). The apparent S values of these disassembly interme-
diates were determined by linear log centrifugation at dif-
ferent pH and ionic strength conditions (Table 1). Based on
the apparent sedimentation coefficients, three distinct spe-
cies could be identified: VLPs of S value in the range of 110
to 150 S, 16S species, and species of sedimentation coeffi-
cient less than 4S. As apparent from the data presented in
Table 1, at higher pH (pH  8.5), lower ionic strength is
sufficient to dissociate VLPs into 16S and then into 4S
species, whereas at lower pH (pH 6.5–8.5) higher ionic
strength is required to achieve the same degree of dissoci-
ation. These results demonstrate that during disassembly,
PVBV VLPs probably go through an intermediate similar to
that observed earlier during the reassembly of native PVY
(McDonald et al., 1976).
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Characterization of disassembly intermediates
To characterize the intermediates further, the VLPs as
well as the 16S and 4S species were subjected to gel
filtration chromatography on superose-6 column previously
calibrated with molecular weight markers. As shown in Fig.
1D, assembled VLPs eluted in the void fraction in 10 mM
Tris–HCl, pH 8 buffer containing 50 mM NaCl (top). VLPs
incubated with 0.75 M NaCl at the same pH gave a clear
peak at 15.2 ml (Fig. 1D, middle). This peak fraction was
concentrated and rechromatographed on the same super-
ose-6 column. Based on the elution volume, the molecular
mass of the 16S species was calculated to be 270 kDa (Fig.
1F), indicative of an octameric structure. Further increase in
the ionic strength led to complete dissociation of these
species and overlapping peaks corresponding to monomer
(34 kDa) and dimer (68 kDa) were observed (Fig. 1D,
bottom). In all these cases, undissociated VLPs/aggregated
CP eluted in the void fraction. Electron microscopic analy-
sis of 16S species (15.2 ml fraction) revealed a ring-like
morphology (Fig. 1G), whereas 4S species did not show
any regular shape (data not shown). These results corrobo-
rate with the previous observation that a single layered
ring-like intermediate composed of seven to eight subunits
is involved in the reassembly/polymerization pathway of
Potato virus Y (PVY) (McDonald et al., 1976) and disas-
sembly of recombinant VLPs also involves a similar assem-
bly intermediate. The fact that high salt concentration (1.5
M) completely dissociates VLPs at pH 8.0 prompted us to
postulate that charged residues of one CP subunit form a set
of salt bridges with oppositely charged residues in the
neighboring lateral subunit of the helical rod (and also in the
ring-like structure). At high pH the positively charged res-
idues Lys and Arg could get deprotonated and thereby fail
Fig. 1. Sedimentation and gel filtration analysis of VLPs and its dissociated products. Sucrose density gradient analysis: Periplasmic fraction containing
recombinant CP was layered on the top of 10 to 40% (w/v) linear sucrose gradient (30 ml) and centrifuged for 4 h at 140,000 g in a Beckman SW28 rotor.
After centrifugation, fractions were collected from the bottom and subjected to electrophoresis on 12% SDS–polyacrylamide gel; proteins were stained with
Coomassie brilliant blue. (A) Sedimentation pattern of assembled VLPs in 10 mM Tris–HCI, pH 8.0, 50 mM NaCl. (B) VLPs dialyzed against 10 mM
Tris–HCI, pH 8, 750 mM NaCl; (C) VLPs dialyzed against 10 mM Tris–HCI, pH 8, 1.5 M NaCl. In each case (A, B, and C), the gradient was prepared in
the corresponding buffer and lanes 1–19 represent fractions from the top of the sucrose density gradient. M denotes molecular weight markers. (D) Gel
filtration analysis: Elution profile of VLPs in 10 mM Tris–HCI, pH 8.0,50 mM NaCl (top), VLPs in 10 mM Tris–HCI, 750 mM NaCl (middle), and VLPs
in 1.5 M NaCl (bottom) on a Superose-6 gel filtration column equilibrated with corresponding buffers. Column fractions eluting at 15.2 ml were pooled and
rechromatographed on the same Superose-6 column equilibrated with 10 mM Tris–HCI, 750 mM NaCl (F), and the molecular weight was determined by
calibrating the column with thyroglobulin (670 kDa), bovine -globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17 kDa), and vitamin
B-12 (1.35 kDa) as markers (inset). (E) Electron micrograph of the VLPs purified from periplasmic fraction and (F) electron micrograph of purified 15.2 ml
fraction showing ring-like intermediate (bar corresponds to 30 nm).
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to form salt bridges, leading to disassembly. In the case of
JGMV, two conserved charged residues, Arg194 and
Asp238, proposed to be involved in the formation of salt
bridges (but not necessarily mutual) were shown to be
crucial for the assembly (Jagadish et al., 1993). High con-
centration of salt might as well cause disruption of these salt
bridges, leading to destabilization of the protein–protein
interaction ultimately resulting in disassembly of the capsids.
Limited trypsin treatment of VLPs and 16S intermediate
The VLPs were subjected to limited proteolysis by di-
gestion with trypsin as described under Materials and meth-
ods. Fig. 2A depicts the time course of proteolytic digestion
as monitored by SDS–PAGE. Complete disappearance of
wild-type CP band (34 kDa) occurred within 10 min of
incubation, with concomitant appearance of 28- and 25-kDa
bands. The reaction was complete in about 60 min, at which
time only the trypsin resistant core (25 kDa band) was
present (Fig. 2A, lanes 8). Further incubation for an addi-
tional 1 h did not show any size reduction (Fig. 2A, lane 9).
These results confirm the earlier observation that amino-
and carboxy-terminal residues are surface exposed and are
easily amenable for degradation (Shukla et al., 1988; Shukla
and Ward, 1989). N-terminal sequencing of this trypsin-
resistant core revealed that amino-terminal 53 amino acids
were removed. Identical results were obtained with native
PVBV earlier (Ravi et al., 1997). To examine the status of
assembly of these core particles, VLPs after digestion with
trypsin for 1 h were subjected to 10–40% linear sucrose
density gradient analysis. Fractions were collected from the
bottom of the tube and examined by SDS–PAGE followed
by immunoblotting with anti-PVBV polyclonal antiserum.
The trypsin-treated VLPs (Fig. 2B) sedimented nearly at the
same position as that of the untreated assembled VLPs (Fig.
1A). It may be noted that the size of the CP was reduced to
25 kDa as expected. Electron microscopy of the fractions
containing trypsin-treated VLPs confirmed the presence of
flexuous rods of heterogeneous lengths (data not shown).
These results conclusively demonstrated that the removal of
surface-exposed amino- and carboxy-terminal amino acid
residues did not affect the stability of the preformed VLPs.
To examine whether the N- and C-terminal residues were
exposed in the 16S ring-like intermediate also, the interme-
diate obtained by dissociation of VLPs at 750 mM NaCl, pH
8.0 was treated with trypsin as described under Materials
and methods. Sedimentation density gradient analysis
showed that the trypsin-treated 16S intermediate (Fig. 2C,
fractions 5–7) migrated at a position (Fig. 1B, similar frac-
tions) close to that of the intact ring-like intermediate. This
Table 1
Effect of pH and ionic strength on the disassembly of VLPs
pH NaCl concentration (mM)
50 150 300 500 750 1500
pH 6.5 MES (10 mM) VLPs VLPs VLPs VLPs Ring Dimer
Monomer
pH 7.5 Tris–HCI (10 mM) VLPs VLPs VLPs VLPs Ring Dimer
Monomer
pH 8.5 Tris–HCI (10 mM) VLPs VLPs VLPs Ring Dimer
Monomer
pH 9.5 CAPS (10 mM) VLPs Ring Monomer
pH 10.5 CAPS (10 mM) Monomer
Fig. 2. Effect of trypsin treatment on VLPs and 16S ring-like intermediate. (A) VLPs were treated with trypsin (2 g/mg protein) for different periods of
time from 0 to 120 min and analyzed by SDS–PAGE. (B) Trypsin-treated VLPs (2 ml) were layered on a 10–40% (w/v) linear sucrose gradient (30 ml).
After centrifugation (4 h, 140,000 g, SW28 rotor) fractions were collected from the bottom and analyzed by 12% SDS–PAGE followed by immunoblotting
using anti-PVBV polyclonal antiserum. (C) 16S ring-like intermediate was treated with trypsin (0.5 g/mg protein) in the presence of 750 mM NaCl and
subjected to 10–40% linear sucrose gradient analysis as in B.
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intermediate is however comparatively less stable to pro-
tease digestion, which is expected given the difference in
the quaternary structure of the intermediate and the VLPs.
This observation suggests that N- and C-terminal segments
are surface exposed even in the ring-like intermediate and
hence can be cleaved by limited proteolysis.
In vitro reassembly of dissociated coat protein
The VLPs were dissocated into CP subunits by dialysis
against 10 mM CAPS buffer, pH 10, containing 50 mM
NaCl, and the dissociated CP subunits (2.5 mg/ml) were
diluted fivefold with 10 mM Tris–HCl pH 8.0, containing
different concentrations of NaCl. Formation of higher ag-
gregates of CP was monitored by measuring the light scat-
tering at 320 nm as a function of time. Dissociated CP
subunits readily reassembled at pH 8.0 into higher aggre-
gates at 50 and 100 mM NaCl, as shown in Fig. 3A. The rate
of reassembly reaction was found to be inversely related to
the ionic strength of the reassembly buffer. To obtain in
vitro reassembled VLPs, CP subunits were dissociated by
incubation with 10 mM CAPS buffer pH 10, 50 mM NaCl,
overnight and reassembly was carried out as described un-
der Materials and methods. The reassembly reaction mix
was subjected to 10–40% sucrose density gradient centrif-
ugation followed by SDS–PAGE and Western analysis. The
in vitro reassembled product (at 50 mM NaCl pH 8.0) was
found to sediment at a position (Fig. 3B) identical to that of
VLPs (Fig. 1A). Electron microscopy of the samples
showed that the reassembled particles were morphologically
identical to that of the VLPs (data not shown). These reas-
sembly results are in agreement with the earlier observa-
tions (Table 1) on the disassembly of PVBV and suggest
that electrostatic interactions are critical for the assembly.
This is in sharp contrast to the mechanism of stabilization of
TMV, where protein–protein interactions are mediated by
clustering of intersubunit carboxylate groups and at condi-
tions where assembly occurs, the electrostatic repulsive
forces between carboxylates are neutralized by protons or
calcium ions (Butler, 1999).
Next we wanted to examine feasibility of assembling CP
subunits devoid of surface-exposed amino- and carboxy-
terminal segments into VLPs. For this, trypsin-treated VLPs
were dissociated into truncated CP subunits as before and
then reassembled by dialyzing against 10 mM Tris–HCl pH
8.0, containing 50 mM NaCl. Surprisingly, the trypsin-
treated CP subunits failed to reassemble into VLPs in vitro
and stayed at the top of the gradient (Fig. 3C). These results
suggest that although the surface-exposed N- and C-termi-
nal residues are dispensable once the VLPs are formed, they
are essential for the initiation of the assembly process.
Self-assembly of deletion mutants
To further delineate the role of surface-exposed residues
in the assembly process, sequential deletion mutants from
the amino- and carboxyl-terminus were generated. It was
evident from the predicted secondary structure (Geourjon
and Deleage, 1995) of PVBV CP that the N-terminal 20 and
C-terminal 23 residues do not possess any secondary struc-
ture. Deletion of 53 amino acids from the N-terminus re-
moves the first predicted -helix. Deletion of 69 amino
acids removes the segment between the first -helix and the
second -helix. All the deletion mutants (N20, 53, 69 and
C23 CP) were constructed as described under Materials
and methods and overexpressed in E. coli. The periplasmic
Fig. 3. In vitro reassembly of CP. (A) Kinetics of reassembly of CP was followed by measuring light scattering at 320 nm. Reassembly was carried out by
diluting CP (present in 10 mM CAPS, pH 10.0) with 1:5 (v/v) of 10 mM Tris–HCI, pH 8.0, containing NaCl (50–750 mM) as shown in the figure and the
increase in light scattering was monitored for 15 min. (B) 10–40% linear sucrose gradient analysis (4 h, 140,000 g, SW28 rotor) of in vitro reassembly
reaction at 10 mM Tris–HCI, pH 8.0 containing 50 mM NaCl obtained using CP and (C) trypsin-treated truncated CP.
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fraction containing respective mutant proteins were concen-
trated by ultrafiltration and analyzed by linear log (0–30%)
sucrose density gradient centrifugation to determine assem-
bly status of the proteins. The wild-type VLPs sedimented
as a peak (Fig. 4A, fraction 12–17, top) with a mean S value
of 120S. CPN20 mutant that lacks 20 amino acids from the
N-terminus migrated as a mixture of two components (Fig.
4A, second panel). Bottom component (representing 65% of
total CPN20), sedimented as a broad peak (fractions 10–
16, second panel), formed VLPs which were indistinguish-
able from the full-length CP, suggesting that once initiated,
the assembly reaction proceeded to completion (Fig. 4B).
Sedimentation coefficient of the top component, represent-
ing 35% of the total CPN20 (fractions 1–4, second panel),
was less than 4S. The deletion of amino-terminal 20 resi-
dues perhaps partially affected the kinetics of this assembly
process. Interestingly, deletion of 53 amino acids from the
N-terminus resulted in the mutant CP that failed to from
VLPs, as indicated by its sedimentation at the top of the
gradient (Fig. 4A, third panel, fractions 1–5). Similarly,
deletion of 23 amino acids (CPC23) resulted in the mutant
CP sedimenting as a broad peak on the top of the gradient
(Fig. 4A, fourth panel, fraction 1–6) that did not assemble
into VLPs. Not surprisingly, further deletion of 69 amino
acids from the N-terminus also resulted in mutant CPs that
failed to assemble into VLPs (data not shown). This is in
contrast to the results of removing surface-exposed amino-
and carboxy-terminal amino acids from recombinant PVBV
VLPs that did not lead to changes in the assembly status
(Fig. 2B). Further, none of these deletion mutants showed a
peak corresponding to 16S ring-like assembly intermediate,
strongly suggesting that these amino acid residues might be
involved in promoting crucial protein–protein interactions
early in the assembly pathway.
The length and the amino acid sequence of the surface-
exposed N-terminal segment are variable in potyviruses. In
fact, this region provides the basis for the taxonomic posi-
tioning of Potyiruses (Shukla et al., 1988). Since CPN20
Fig. 4. Self-assembly of N- and C-terminal deletion mutants of coat protein. Sucrose density gradient analysis of deletion mutants: (A) Periplasmic fraction
containing CP and deletion mutants was layered on the top of 30 ml 10–30% (w/v) linear-log sucrose gradient (30 ml). After centrifugation (6 h, 140,000
g, SW28 rotor), fractions were collected from the bottom and subjected to electrophoresis on 12% SDS–polyacrylamide gel followed by immunoblotting
using anti-CP polyclonal antiserum. Sedimentation patterns obtained with CP, N20CP, N53CP, and C23CP are shown in the first, second, third, and
fourth panel, respectively. Molecular weight of appropriate markers are indicated and lanes represent fractions from the top of the sucrose density gradient.
Positions of 17.6S and I15S sedimentation markers (apoferritin and SeMV, respectively, indicated at the top) were determined using identically prepared
sucrose gradient which was subjected to centrifugation at the same time as the CP and deletion mutant containing extracts. (B) The fractions 12–14 of
N20CP (second panel) were pooled and analyzed by electron microscopy; bar corresponds to 30 nm. (C) Analytical gel filtration chromatography of CP
deletion mutants: Deletion mutant proteins purified from periplasmic fraction were analyzed using superose-6 FPLC column equilibrated with 10 mM
Tris–HCI, pH 8.0, 50 mM NaCl; elution profile of CPC23, CPN20, CPN53, and CPN69 are shown.
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can still make VLPs, the minimum length of the surface-
exposed segment required to initiate the assembly process
appeared to be 33 residues (53–20). The minimum length
of surface-exposed N-terminal segment was shown to be 30
residues in Potyviruses (Shukla and Ward, 1989). It has
been demonstrated that altered amino acids in the N-termi-
nal region could modulate virus movement and accumula-
tion (Andrejeva et al., 1999). This may indeed be a conse-
quence of abolition of the assembly process leading to
disruption of the long distance movement.
Oligomeric state of deletion mutants
As observed by density gradient analysis, all the amino-
terminal deletion mutants except CPN 20 and the C-
terminal deletion mutant CPC23 remained on the top of
the gradient with a sedimentation coefficient 4S. FPLC
size exclusion chromatography and glutaraldehyde cross-
linking were used as two independent methods of examin-
ing the predominant oligomeric state of these deletion mu-
tants. All the deletion mutants were subjected to gel
filtration analysis in 10 mM Tris–HCl, pH 8 buffer contain-
ing 50 mM NaCl. The C-terminal deletion mutant CPC23
(Fig 4C, top) and the amino-terminal deletion mutants
CPN53 and CPN69 (Fig. 4C, third and fourth panel,
respectively) gave a peak (fractions 17–19 ml) correspond-
ing to the size of the monomers. The recombinant CP,
which formed VLPs, however, eluted in the void fraction
(Fig. 1D, top). The CPN20 mutant eluted as two peaks,
one in the void fraction and the other corresponding to
dissociated subunits as shown in Fig. 4C, second panel. This
is in conformity with the earlier data obtained using linear
log density gradient analysis (Fig. 4A, second panel). Inter-
estingly, a peak at 15.2 ml corresponding to the ring-like
16S particles (Fig 1F) was also not seen in any of the elution
profiles of the deletion mutant proteins, emphasizing the
Fig. 5. Cross-linking and sucrose gradient analysis of N- and C-terminal deletion mutants of coat protein. Glutaraldehyde cross-linking: (A) Fixed
concentration of his-tagged CPN20 (0.5 mg/ml) was incubated with 10 to 60 nM glutaraldehyde (GA) (lane 1 to 5) and analyzed by 10% SDS–PAGE,
followed by immunoblotting using anti-PVBV polyclonal antiserum. Lane 6 denotes untreated samples (B) GA cross-linking of his-tagged CPC23
(0.5 mg/ml), using increasing concentration (10, 20, 40, and 60 nM) of GA (lane 2 to 5). Lane 1 denotes untreated sample. (C) GA cross-linking analysis
of amino-terminal deletion mutants of CP. Fixed concentration (0.5 mg/ml) of each of the his-tagged deletion mutants (CPN53, CPN69) was incubated
with increasing concentration of GA (0, 20, 40 and 60 nM GA). Lanes 1–4 and 5–8 represent the analysis with CPN53 and CPN69, respectively. Lane
1 and lane 5 represent untreated samples. (D) Sucrose density gradient analysis of equimolar mixture of CPN53 and CPC23. Mixture of CP deletion
mutants in 10 mM Tris–HCI, pH 8, 50 mM NaCl was layered on the top of 10–40% linear sucrose gradient (30 ml) and centrifuged for 4 h at 140,000 g
in a Beckman SW28 rotor. After centrifugation, fractions were collected from the bottom and were subjected to electrophoresis on 10% SDS–polyacrylamide
gel followed by immunoblotting using anti-PVBV polyclonal antiserum. Lanes 1–17 represent fractions from the top of the sucrose density gradient.
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importance of N-terminal 53 and C-terminal 23 residues in
the initiation of assembly.
The oligomeric status of the deletion mutant proteins was
further examined by glutaraldehyde crosslinking experi-
ments. The Ni-NTA-purified deletion mutant CPs were
treated with different concentrations of glutaraldehyde as
described under Materials and methods and the cross-linked
products were analyzed by SDS–PAGE followed by West-
ern blotting with PVBV antiserum. The results indicated
that CPN20 was present as a mixture of monomer, dimer,
and higher aggregates (Fig. 5A), whereas CPC23 was a
mixture of only monomers and dimers (Fig. 5B). All the
other deletion mutants remained as monomers (Fig. 5C).
These results demonstrate that amino-terminal deletions be-
yond 53 residues completely abolish protein–protein inter-
actions and thereby the initiation of assembly pathway per
se. The crosslinking experiments with CPN20 confirms
the results of sucrose density gradient and gel filtration
analyses, which showed the presence of unassembled spe-
cies along with the VLPs. Gel-filtration analysis of CPC23
(Fig. 4C, top) showed that it was predominantly present as
monomers, although glutaraldehyde cross-linking clearly
showed the presence of dimers (Fig. 5B). It is possible that
the interactions between the subunits of the CPC23 mu-
tants are weak and can be seen only upon cross-linking.
Nevertheless, inability of CPC23 to form stable assembled
VLPs in E. coli strongly reflects the importance of these
residues in the assembly process. The inability of CPC23
and CPN53 to form the ring-like intermediate or the VLPs
suggests that both the N- and the C-terminal residues are
crucial for initiation of assembly.
To check this further, the two mutant proteins (CPC23
and CPN53) were mixed in equimolar ratios and subjected
to 10–40% sucrose density gradient analysis. As shown in
Fig. 5D, they stayed at the top of the gradient (correspond-
ing to the position of 4S species), suggesting that the
absence of N-terminal or C-terminal residues cannot be
complemented in trans and a head-to-tail interaction be-
tween subunits may be a prerequisite to the formation of
ring-like intermediate and hence VLPs. The assembly status
of the native, trypsin-treated VLPs and their deletion mu-
tants is summarized in Table 2.
Together, these findings give rise to an obvious and
pertinent question: how the surface exposed amino- and
carboxy-terminal regions, which can be removed without
disrupting the mature VLPs, affect the assembly process?
There is a preponderance of charged residues at amino-
and carboxy-terminal regions of PVBV. These residues are
highly solvent accessible and electrostatic interaction be-
tween these surface-exposed amino- and carboxy-terminal
regions could initiate the association of individual CP sub-
units. The lack of interaction between the mutant CP sub-
units is not due to improper folding as the CD spectra of the
mutant CPs were nearly identical to that of wild-type CP
(data not shown). Neither the ring-like intermediate nor the
VLPs were observed (Fig. 5D) when CPN53 and CPC23
were mixed in equimolar ratio, strongly indicating a require-
ment of an initial sequential head-to-tail interaction between
the CP subunits leading to the formation of ring-like inter-
mediate. Once the ring-like intermediate is formed, these
segments are dispensable for subsequent interactions that
lead to the formation of VLPs.
Table 2
Assembly status of trypsin treated and deletion mutants of PVBV CP
Coat protein sample Assembly status
(length in parentheses)
Native PVBV Flexuous rod (900 nm)
Trypsinized native PVBV Flexuous rod (900 nm)
VLPs of PVBV Flexuous rod (100–400 nm)
Trypsinized VLPs of PVBV Flexuous rod (100–400 nm)
Trypsin resistant core of PVBV CP Monomers
CPN20 Flexuous rod (100–400 nm),
Monomers
CPN53 Monomers
CPN69 Monomers
CPC23 Monomers
CPN53  CPC23 Monomers
Fig. 6. Schematic representation of the proposed model of assembly/
disassembly of PVBV described in the text. N- and C-termini of CP
subunits (a) interact with each other (b) to form ring-like intermediate (c)
with N- and C-terminal segments exposed and therefore amenable to
degradation by limited trypsin treatment (f). At low ionic strength and pH
8.0, these ring-like intermediates form flexuous rods/VLPs (d) and can
reversibly be converted back to 16S ring-like intermediates and completely
dissociated (4S) species at high ionic strength (pH 6.5–8.5) or high pH
(8.5) and low ionic strength. The surface-exposed N- and C-terminal
residues can also be removed from the VLPs by limited proteolytic diges-
tion, without change in the assembly status of the VLPs (e). This trypsin-
treated VLP can also be dissociated as before (f). The truncated CP
subunits, CPC23 or CPN53, cannot be reassembled (g) back into
ring-like intermediate or VLPs.
332 R. Anindya, H.S. Savithri / Virology 316 (2003) 325–336
Model for assembly of PVBV
Based on all the results presented in this study, a minimal
pathway for assembly of PVBV is proposed (Fig 6). Ac-
cording to this pathway, CP subunits (Fig 6a) initially in-
teract via the N- and C-terminal residues with each other in
a head-to-tail manner by electrostatic interaction (Fig 6b).
Such interacting CP subunits may lead to the formation of
octameric ring of sedimentation coefficient 16S (Fig 6c).
These ring-like intermediates form helical aggregates,
VLPs, where the N- and C-terminal residues remain surface
exposed (Fig 6d). The surface-exposed residues in the 16S
ring-like intermediate and the VLPs can be removed with-
out disturbing their assembly status (Figs. 6e and f). The
trypsinized truncated CP subunits or the CPN  53 and
CPC23 mutant CP subunits (Fig 6g) cannot reassemble
into 16S ring-like intermediate and therefore cannot form
VLPs.
The architecture of the 16S ring-like intermediate (Fig.
1G) is grossly similar to the 20S disk aggregate observed in
the case of TMV. However the PVBV 16S ring-like inter-
mediate is made of only eight subunits when compared to
TMV disks which are made up of 17 subunits. This may be
related to the diameter of the two viruses—10 and 20 nm for
PVBV and TMV, respectively. It may be noted that the only
other study on the intermediates of assembly in potyviruses
is that of McDonald et al. (1976), which also showed the
formation of 16S ring-like intermediate suggested to be
made of seven to eight subunits. While the VLPs formed
from the TMV CP disks were shown to be rigid and limited
in length, the VLPs formed by PVBV CP are flexuous and
variable in length. The ring-like intermediate probably al-
lows the assembly of flexuous rods without the requirement
for formation of stacked disks, as postulated by McDonald
et al. (1976). Thus the assembly of flexuous rod viruses is
distinctly different from the rigid rod-shaped viruses and
further molecular details of how the ring-like intermediate
initiate the formation of helical aggregates and how the
RNA is encapsidated within the narrow groove of the rings
remain to be established.
Whether this model is applicable to other potyviruses
remains to be seen. Despite low-sequence similarity in the
amino-terminal region, in all potyviruses surface-exposed
amino- and carboxy-terminal regions contain large numbers
of charged amino acid residues. Electrostatic interactions
are effective even at relatively long distances and can be
very efficient in the formation of “initiation complex.” Fur-
thermore, this type of interaction being of intermediate
strength might provide just the right balance between sta-
bility and flexibility for the assembly/disassembly of poty-
viruses.
Materials and methods
Construction, expression, and purification of PVBV CP
and deletion mutants in E. coli
Two primers, wtCPS and wtCPAS (25pmol, Table 3),
were used in PCR amplification of PVBV CP using the
cDNA clone pPV229, which contained the complete CP
sequence (Joseph and Savithri, 1999), as template. To ob-
tain recombinant CP for expression into the periplasmic
space, the PCR product was cloned at EcoRV site of
pET20b (Novagen, Madison, WI, USA) and the construct
was named pETCP. This construct was used for generating
the N- and C-terminal deletion mutants. For generating
C-terminal 23 amino acid deletion, the primers wtCPS and
C23CPAS (25 pmol, Table 3) were used. The wtCPAS
primer was used along with N20CPS, N53CPS, and
N69CPS primer (25 pmol, Table 3) separately for PCR
amplification to make CP deletion constructs lacking 20,53,
and 69 amino acids, respectively, from the N-terminus. All
the PCRs were performed using DeepVent DNA polymer-
ase (New England Biolabs, Beverly, MA, USA). The PCR
products were cloned in EcoRV site of the pET-20b. To
obtain recombinant CP and deletion mutants with N-termi-
nal histidine tag, PCR products were digested with NheI/
EcoRI and cloned in NheI/EcoRI site of pRSET-A. Since
antisense primers contained stop codon, all the recombinant
proteins are devoid of any extra residues at the C-terminus.
Positive clones were confirmed by restriction digestion and
DNA sequencing. CP deletion mutants lacking 20,53, and
69 amino acids from the N-terminus were termed CPN20,
Table 3
Description of oligonucleotides used in this study
Designation Sequence (5 to 3) Description
WtCPS ATGCCATGGGCTAGCATGGCAGGAGAGAGT Sense primer used to amplify PVBV CP gene, NheI site (underlined).
WtCPAS AGGGAATTCTTACTCGAGCATCCTCGAAC Antisense primer used to amplify PVBV CP gene, EcoRI site (italicized).
N20CPS ATGCCATGGGCTAGCGGCTGATAAACAAGCC Sense primer used to amplify PVBV CP gene lacking 20 amino acids
from the N-terminus, NheI site (underlined).
N53CPS ATGCCATGGGCTAGCATGGTTAACGTTAACGTTGGG Sense primer used to amplify PVBV CP gene lacking 53 amino acids
from the N-terminus, NheI site (underlined).
N69CPS ATGCCATGGGCTAGCATGGGGAACGTTCACAATA Sense primer used to amplify PVBV CP gene lacking 69 amino acids
from the N-terminus, NheI site (underlined).
C23CPAS AAGGAATTCTTACTCGAGGCCTACCCTACC Sense primer used to amplify PVBV CP gene lacking 23 amino acids
from the C-terminus, EcoRI site (italicized).
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CPN53, and CPN69, respectively. Similarly, deletion
mutant CP lacking 23 amino acid from the C-terminus was
termed CPC23.
E. coli BL21(DE3) cells transformed with CP or its
deletion constructs were grown and induced for protein
expression as previously described (Studier and Moffatt,
1986; Studier et al., 1990). A single colony was inoculated
in 50 ml of Luria–Bertani medium containing 50 g/ml
ampicillin and grown overnight at 30°C. This overnight
culture was inoculated into 1 L of terrific broth medium
containing 50 g/ml ampicillin. After 4 h of growth at
30°C, the cells were induced with 0.3 mM (final concentra-
tion) isopropyl--D-thiogalactopyranoside and following in-
duction for 2 h, the cells from 1 ml culture were recovered
and resuspended in 50 l of Laemmli sample loading buffer
(Laemmli, 1970) and boiled for 3 min. Samples (10 l)
were used for SDS–PAGE analysis in 12% gel. Proteins
were stained with Coomassie blue or immunoblotted (Tow-
bin et al., 1979) with rabbit polyclonal anti-PVBV anti-
serum (Ravi et al., 1997) to confirm their identity. After 6 h
of growth the cells were harvested by centrifugation. Puri-
fication of proteins from periplasmic space was carried out
as described by Neu and Heppel (1965). Briefly, cells from
1-L culture were harvested as before and the pellet (after
washing twice with 20 ml of ice-cold 10 mM Tris–HCl, pH
7.5 containing 30 mM sodium chloride) was resuspended in
30 ml 33 mM Tris–HCl, pH 7.5, 20%(w/v) sucrose, 0.1 mM
EDTA, and agitated for 10 min. The cells were again pel-
leted by centrifugation and resuspended in 35 ml ice-cold
0.5 mM magnesium chloride. Spheroplasts were then re-
moved by centrifugation to obtain supernatant that con-
tained periplasmic proteins. SDS–PAGE analysis was done
to confirm the presence of recombinant protein in the
periplasmic fraction. This periplasmic protein fraction was
dialyzed against 10 mM Tris–HCl, pH 8.0 containing 50
mM NaCl and concentrated using centrifugal concentrator
(Millipore Corp., Bedford, MA, USA) and used for further
analysis. His-tagged CP and deletion mutants were ex-
pressed in E. coli as described above and the proteins were
purified by Ni-NTA chromatography according to the man-
ufacturers protocol (Qiagen Inc., Chastworth, CA, USA).
Density gradient centrifugation
The recombinant CP and the deletion mutants purified
from the periplasmic fraction were analyzed by 10–40%
(w/v) sucrose density gradient centrifugation as follows.
The gradients were hand-poured by layering sucrose solu-
tions made in appropriate buffer followed by storage at 4°C
overnight to allow diffusion of sucrose. Two milliliters of
sample was layered on the preformed gradient in 32 ml
centrifuge cups and centrifuged at 140,000 g for 4 h in a
Beckman SW28 rotor. After centrifugation 2 ml fractions
were collected from the bottom, analyzed by electrophoresis
on 12% SDS–PAGE, and stained with Coomassie blue or
analyzed by immunoblotting using anti-PVBV polyclonal
antiserum. Fractions 7–10 (Fig. 1A) containing the VLPs
were pooled, dialyzed against 10 mM Tris–HCl, pH 8.0
containing 50 mM NaCl to remove sucrose, concentrated by
centrifugal concentrator, and designated as purified VLPs.
Determination of sedimentation coefficient
Linear logarithmic gradients (0–30% sucrose) were pre-
pared in 32 ml centrifuge cups by layering 8.75 ml of 25%
sucrose on 3.4 ml of 30% sucrose followed by 8 ml of 20%,
6.5 ml of 13.5% of sucrose, and 4.0 ml of appropriate buffer
without sucrose. The tubes so layered with different densi-
ties of sucrose solution were allowed to equilibrate over-
night at 4°C (Brakke and Van Pelt, 1970). About 0.2 mg
(0.2 ml) each of the purified VLPs and standards were
layered on the top of the gradient and centrifuged in a
Beckman-type SW28 rotor at 140,000 g for 6 h at 4°C. After
centrifugation the fractions were collected from the bottom
of the tube and absorbance was monitored at 280 nm. The
apparent S-values of the recombinant VLPs were deter-
mined by the method described by Brakke and Van Pelt
(1970) using Sesbania mosaic virus (I15S), empty capsid of
Physalis mottle virus (55S), thyroglobulin (20S), apoferritin
(17.6S), and bovine serum albumin (4.3S) as standards.
Analytical size exclusion chromatography
Chromatographic analysis of VLPs and their disassem-
bly products was performed with an FPLC system, using a
Superose-6 column (Amersham Pharmacia Biotech). The
column was equilibrated with 10 mM Tris–HCI buffer, pH
8 containing either 50 mM, 750 mM, or 1.5 M sodium
chloride. The column was calibrated using Bio-Rad protein
standard for size exclusion chromatography.
Trypsinization of VLPs
Purified VLPs were subjected to trypsin treatment (2
g/mg protein) in digestion buffer (50 mM Tris–HCI, pH 8;
20 mM calcium chloride) at 4°C. Aliquots were removed at
fixed intervals from 0 to 120 min and the reaction was
stopped with 0.5 g/ml of soybean trypsin inhibitor. Time
course of proteolytic digestion was monitored by SDS–
PAGE and staining with Coomassie blue. Trypsinized core
particles were also subjected to linear sucrose density gra-
dient analysis. Trypsinization of 16S ring-like intermediate
was carried out in digestion buffer containing 750 mM
NaCl. After treatment with trypsin (1 g/mg protein) for 15
min at 4°C, the samples were analyzed by linear sucrose
density gradient analysis.
Disassembly of VLPs
The VLPs obtained from density gradient analysis (frac-
tion 7–10 in Fig. 1A) were pooled and sucrose was removed
by dialysis against 10 mM Tris–HCI, pH 8.0 containing 50
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mM NaCl buffer and concentrated using centrifugal con-
centrator. VLPs (0.1 mg/ml) in this buffer were subjected to
extensive dialysis at 10°C against buffers of different pHs
with varying salt concentrations. The molarity of the buffer
was kept minimum (10 mM) to reduce its contribution to
ionic strength. The dialysate was then centrifuged at 10,000
g for 15 min to remove aggregated particles and analyzed by
linear log density gradient centrifugation, analytical size
exclusion chromatography, and electron microscopy.
In vitro reassembly of CP
The intact and trypsinized VLPs were dissociated by
dialysis against 10 mM CAPS buffer, pH 10.0 containing 50
mM NaCl into predominantly monomeric CP subunits. Any
bound RNA was removed by incubation with 20 g/ml
RNaseA. Reassembly kinetics were studied by decreasing
the pH and increasing the ionic strength of the sample.
Dissociated CP subunits (2.5 mg/ml) were diluted fivefold
with 10 mM Tris–HCI, pH 8.0 buffer containing 50, 100,
200, 500, and 750 mM NaCl, and the corresponding in-
crease in light scattering due to the formation of higher
aggregates was monitored at 320 nm for 15 min at 25°C. To
obtain in vitro assembled VLPs, they were first dissociated
to subunits in 10 mM CAPS buffer, pH 10 containing 50
mM NaCl overnight at 10°C. The reassembly was initiated
by dialyzing against 10 mM Tris–HCI, pH 8, containing 50
mM NaCl at 10°C, and the reassembled products were then
analyzed by sucrose density gradient centrifugation and
electron microscopy.
Glutaraldehyde cross-linking
For glutaraldehyde cross-linking analysis his-tagged pro-
teins were used since Ni-NTA purified proteins were95%
pure. Cross-linking of purified CP and the deletion mutant
proteins were carried out for 1 h at 25°C in the dark in 10
mM Tris–HCI buffer (pH 8.0), containing 50 mM NaCl.
The protein (0.5 mg/ml) was allowed to react with increas-
ing glutaraldehyde concentration from 0 to 60 nM in a
reaction volume of 50 l, and the cross-linked products
were analyzed by 10% SDS–PAGE followed by Western
blotting with polyclonal antibodies to PVBV.
Electron microscopy
The purified VLPs as well as dissociated VLPs obtained
from recombinant CP and the deletion mutants were exam-
ined using a Jeol 200 transmission electron microscope
after negative staining with 1% uranyl acetate and photo-
graphed at a magnification of 100,000.
Acknowledgments
We thank the Department of Science and Technology,
New Delhi, India and the Department of Biotechnology,
New Delhi, India for the financial support. We thank Prof.
M.R.N. Murthy for helpful discussions and Dr. Jomon Jo-
seph for the PVBV cDNA clone. We thank Dr. G.N. Sub-
anna, Michael D’Silva, and V. Saravanan for help in some
of the experiments.
References
Andrejeva, J., Puurand, U., Merits, A., Rabenstein, F., Jarvekulg, L.,
Valkonen, J.P., 1999. Potyvirus helper component-proteinase and coat
protein (CP) have coordinated functions in virus-host interactions and
the same CP motif affects virus transmission and accumulation. J. Gen.
Virol. 80 (Pt. 5), 1133–1139.
Brakke, M.K., Van Pelt, N., 1970. Linear-log sucrose gradients for esti-
mating sedimentation coefficients of plant viruses and nucleic acids.
Anal. Biochem. 38 (1), 56–64.
Butler, P.J., 1999. Self-assembly of tobacco mosaic virus: the role of an
intermediate aggregate in generating both specificity and speed. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 354 (1383), 537–550.
Dolja, V.V., Haldeman, R., Robertson, N.L., Dougherty, W.G., Carrington,
J.C., 1994. Distinct functions of capsid protein in assembly and
movement of tobacco etch potyvirus in plants. EMBO J. 13 (6), 1482–
1491.
Dolja, V.V., Haldeman-Cahill, R., Montgomery, A.E., Vandenbosch, K.A.,
Carrington, J.C., 1995. Capsid protein determinants involved in cell-
to-cell and long distance movement of tobacco etch potyvirus. Virology
206 (2), 1007–1016.
Edwards, S.J., Hayden, M.B., Hamilton, R.C., Haynes, J.A., Nisbet, I.T.,
Jagadish, M.N., 1994. High level production of potyvirus-like particles
in insect cells infected with recombinant baculovirus. Arch. Virol. 136
(3–4), 375–380.
Geourjon, C., Deleage, G., 1995. SOPMA: significant improvements in
protein secondary structure prediction by consensus prediction from
multiple alignments. Comput. Appl. Biosci. 11 (6), 681–684.
Goodman, R.M., McDonald, J.G., Horne, R.W., Bancroft, J.B., 1976.
Assembly of flexuous plant viruses and their proteins. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 276 (943), 173–179.
Hammond, J.M., Sproat, K.W., Wise, T.G., Hyatt, A.D., Jagadish, M.N.,
Coupar, B.E., 1998. Expression of the potyvirus coat protein mediated
by recombinant vaccinia virus and assembly of potyvirus-like particles
in mammalian cells. Arch. Virol. 143 (7), 1433–1439.
Hull, R., 2002. Matthews Plant Virology, fourth ed. Academic Press, San
Diego, CA.
Jagadish, M.N., Huang, D., Ward, C.W., 1993. Site-directed mutagenesis
of a potyvirus coat protein and its assembly in Escherichia coli. J. Gen.
Virol. 74 (Pt. 5), 893–896.
Jagadish, M.N., Ward, C.W., Gough, K.H., Tulloch, P.A., Whittaker, L.A.,
Shukla, D.D., 1991. Expression of potyvirus coat protein in Esche-
richia coli and yeast and its assembly into virus-like particles. J. Gen.
Virol. 72 (Pt. 7), 1543–1550.
Joseph, J., Savithri, H.S., 1999. Determination of 3-terminal nucleotide
sequence of pepper vein banding virus RNA and expression of its coat
protein in Escherichia coli. Arch. Virol. 144 (9), 1679–1687.
Klug, A., 1999. The tobacco mosaic virus particle: structure and assembly.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 354 (1383), 531–535.
Laemmli, U.K., 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227 (259), 680–685.
McDonald, J.G., Beveridge, T.J., Bancroft, J.B., 1976. Self-assembly of
protein from a flexuous virus. Virology 69 (1), 327–331.
Neu, H.C., Heppel, L.A., 1965. The release of enzymes from Escherichia
coli by osmotic shock and during the formation of spheroplasts. J. Biol.
Chem. 240 (9), 3685–3692.
335R. Anindya, H.S. Savithri / Virology 316 (2003) 325–336
Ravi, K., Joseph, J., Nagaraju, N., Krishna prasad, S., Reddy, H., Savithri,
H.S., 1997. Characterization of a pepper vein banding virus from chilli
pepper in India. Plant Dis. 81, 673–677.
Riechmann, J.L., Lain, S., Garcia, J.A., 1992. Highlights and prospects of
potyvirus molecular biology. J. Gen. Virol. 73 (Pt. 1), 1–16.
Shukla, D.D., Thomas, J.E., McKern, N.M., Tracy, S.L., Ward, C.W.,
1988. Coat protein of potyviruses. 4. Comparison of biological prop-
erties, serological relationships, and coat protein amino acid sequences
of four strains of potato virus Y. Arch. Virol. 102 (3–4), 207–219.
Shukla, D.D., Ward, C.W., 1989. Structure of potyvirus coat proteins and
its application in the taxonomy of the potyvirus group. Adv. Virus Res.
36, 273–314.
Studier, F.W., Moffatt, B.A., 1986. Use of bacteriophage T7 RNA poly-
merase to direct selective high-level expression of cloned genes. J. Mol.
Biol. 189 (1), 113–130.
Studier, F.W., Rosenberg, A.H., Dunn, J.J., Dubendorff, J.W., 1990. Use of
T7 RNA polymerase to direct expression of cloned genes. Methods
Enzymol. 185, 60–89.
Towbin, H., Staehelin, T., Gordon, J., 1979. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: proce-
dure and some applications. Proc. Natl. Acad. Sci. USA 76 (9),
4350 – 4354.
Urcuqui-Inchima, S., Haenni, A.L., Bernardi, F., 2001. Potyvirus proteins:
a wealth of functions. Virus Res. 74 (1–2), 157–175.
336 R. Anindya, H.S. Savithri / Virology 316 (2003) 325–336
